Reconstruction of the geometric central surface of the human cerebral cortex is an important means to study the structure and function of the brain cortex. In this paper, we propose a novel method based on an elastic deformable transform vector field to drive a deformable model for the reconstruction of the central surface of the brain cortex. In addition, simulated brain cortexes are generated to evaluate this method. We report the evaluation results obtained from ten subjects to show the effectiveness of our approach. We applied the central cortical surface reconstruction method and the hybrid cortical surface registration method to detect simulated brain atrophy. Our results indicate that the central cortical surface has much better sensitivity in detecting simulated atrophy than traditionally used inner or outer cortical surfaces.
INTRODUCTION
The human cerebral cortex can be viewed as a thin, folded twodimensional sheet with a highly folded and curved geometry. To accurately obtain the geometric and anatomical properties of the cortex, we need to first reconstruct the cortical surface. In recent years, there has been significant effort towards the development of methods for reconstruction of the cortical surface of the brain. Broadly speaking, most of these methods are either voxel-based or deformation-based [1, 2, 3, 4] . The algorithm proposed by [2] is an example of the voxel-based method, in which the voxel connections can be corrected locally to obtain a topologically spherical surface by using the Marching Cubes technique. Instead of reconstructing the surface from boundary voxels directly, deformation-based methods deform an initial surface continually to the true surface [1, 3] .
The central cortical layer is defined as the layer lying in the geometric center of the cortex, which is approximately the cytoarchitechtonic layer four [1] . Comparing to the inner cortical (WM/GM interface) and outer cortical (GM/CSF interface) surfaces, the surface defined on the central layer can provide considerably better geometric information of the cortex [1, 5] . For example, the thickness of the GM can be well defined on the central surface. Figure 1 provides an example of outer, inner and central cortical surfaces.
Although a variety of methods have been suggested to efficiently deal with the reconstruction of the inner and outer cortical surfaces, only a few works have been done to generate the central cortical surface. For example, Xu et al. [1] proposed a deformable surface model to obtain the central cortical surface. Instead of using the gradient vector flow of [2] that was employed to drive the deformable model, here we propose to use the elastic deformable transform (EDT) model. The elastic deformable model was adopted from continuum mechanics as in [6] . In order to evaluate the accuracy of our central cortical surface reconstruction algorithm, we propose a method to generate a simulated brain cortex in which the ground-truth of the central cortical layer is already known. Our results show that the central cortical surface has much better sensitivity in detecting simulated atrophy than traditionally used inner or outer cortical surfaces. 
METHOD

Generation of inner cortical surface with correct topology
We use the Oxford FSL tools (http://www.fmrib.ox.ac.uk/fsl/) for preprocessing and brain segmentation of the T1-weighted volumetric MR images. First we apply the Brain Extraction Tool (BET) to remove the non-cerebral tissues including bone, skin, fat, etc. Since our algorithm only tests the cerebral cortex, the cerebellum and brain stem are also removed. We then use the automated segmentation tool FAST to segment the brain into GM, WM and CSF compartments, where the spatial bias is corrected simultaneously. In our experiments, the BrainSuite tools that implement the algorithm in [2] (3) where the surface x is treated as a function of time t .
The deformable model encounters difficulties in progressing into boundary concavities when reconstructing the central surface. In order to deal with this problem, an external force field v , called gradient vector flow (GVF), was proposed in [1] . In this method, the external force does not need to be constrained to be a gradient vector of the scalar field
, and can be defined as various vector fields if necessary.
Elastic Deformation Transform (EDT)
Under the elastic deformation transform (EDT), images are modeled as elastic objects warped by an external force field. This method was introduced in [7] as a registration model, where the deformation of the boundary voxels is pre-fixed. The EDT model is defined as: (4) where div is the divergence operator, e and e are the elasticity parameters (known as the Lame moduli), and ) , , ( z y x q is an indicator function, which indicates whether the displacement is pre-fixed at the position. In our work, the indicator function is set as otherwise 0 The solution of Equation (4) defines the displacement of each position in an elastic object, when boundary displacement is prefixed. Consider v in Equation (4) as a velocity field instead of a displacement field. In this case, when compared with GVF [1] , only the second term is added to the EDT model in Equation (4) . According to hydromechanics, the second term in Equations (4) denotes the compression of a compressible fluid, and 0 v div means uncompressible fluid. The second term of Equation (4) is responsible for making v smoother in space.
Deformation using pressure force
In this paper, we use the balloon model in [8] , which uses pressure forces, to deform a surface in order to increase its speed of convergence. This is useful in situation where the deformable surface is far from the GM [1] . Since the surface vertices move along with the normal direction in the balloon model, the shape of the initial surface is maintained.
In order to capture the GM, the surface is inflated inside the WM and deflated otherwise. The pressure force is defined as:
where 3 is the force strength weight, ) (x W is the WM indicator function and ) (x n is the outward unit normal vector of the surface at vertex x . To accurately trace the central layer in the GM, the pressure force is only adopted outside of the GM. The final force with pressure force is then given as: 
Generation of the simulated brain cortex
To evaluate the central surfaced reconstruction method, we generate a simulated brain cortex where the central cortical layer is known. The entire procedure is illustrated in Figure 2 . First, we generate a central cortical surface that is close to the true central surface (Figure 2a ) by using the methods in Subsections 2.1 and 2.2. Next, this triangulation surface is interpolated to a volume image (Figure 2b ). Then the central voxel set is defined as:
We have defined a value for the thickness of the cortex on each voxel i x in c V . Since the thickness of the cortex varies over the brain, we have used a Gaussian distribution to generate the thickness defined in our simulation. Following this assumption, the distribution is described as:
where thick is the mean thickness of the cortex, and 2 is the variance of the thickness. In our experiments, thick and 2 are set to be 3.0 mm and 1.0 mm 2 respectively. All thickness values that are less than zero are clearly meaningless, and are consequently set to 0.1 mm. Figure 3 presents the distribution of the thickness over the central surface. We then define the GM region near each central voxel i x as follows: (10) Grouping all GM regions near each central voxel, we obtain the simulated GM: (11) where N is the total number of central voxels. The simulated GM is obtained after sampling the GM over the continuous region defined in Equation (11) , as illustrated in Figure 2c .
Although the simulated GM is quite different from the original brain, we believe that due to its highly convoluted cortical surface, it is sufficient in order to validate our algorithm. Using the method introduced in Subsections 2.1 and 2.2, we obtain the central surface of the simulated GM. 
RESULTS
Quantitative evaluation using simulated cortex
In this section, we present the reconstruction results obtained using the simulated brain cortex with pressure force as described in Subsection 2.2.3. To evaluate the fidelity of the reconstructed surface, we compare the distance of the reconstructed central surface to the ground-truth central surface. We first define the distance from each vertex on reconstructed surface to groundtrue central surface t via: The results of the methods using the GVF [1] and the EDT along with pressure forces in the deformable model are shown in Figure  4 . The average distance for GVF method is 0.93 mm, while the average distance for EDT is 0.84 mm. This result shows that the EDT method results in better performance than the GVF method. 
Evaluation results for ten subjects
Since the reconstructed central surface cannot completely converge into the GM, the percentage of the reconstructed surface vertices that fall outside the GM can serve as good indicators for the evaluation of different reconstruction algorithms. The non-GM percentage can be defined as:
where is the reconstructed central surface,
The non-GM percentage values for the two methods of using GVF and EDT are listed in Table 1 . Table 1 shows the non-GM percentages, the average and maximum distance between the reconstructed central surface and the ground-truth central surface, as well as the stand deviation of the distance, for ten simulated brains. Evidently, the EDT method performs better than the GVF method. Table 1 The measurements of the central surface on simulated brain images with pressure force.
APPLICATIONS
Simulation of brain atrophy
We registered twenty brain MRI images with the template image using the hybrid volumetric and surface warping method in [10] . The right precentral and postcentral gyri are already manually labeled in the template. So we have the automated segmentation of these two gyri in these twenty subjects. Then, we simulate brain shrinking atrophy on these two gyri using the method in [11] . 40% shrinkage of the gray matter in the right precentral and postcentral gyri are simulated, and all the gray matter in the other regions are preserved. As an example, Figure 5 shows the original brain and the brain with simulated atrophy, highlighted by red arrows. 
Detection result
We reconstructed the central, inner and outer cortical surfaces for the twenty brains with simulated atrophy and other twenty normal brains. The GM density maps are defined on the three surfaces using similar method in [12] . These forty brains are registered using the method in [10] , and the GM density maps on central, inner and outer surfaces are warped to the same template space accordingly. The GM density maps are smoothed using similar surface based smoothing method in [13] . Figure 6 shows the detected atrophies by using similar vertex-based t statistics (without statistical correction), for the central, inner and outer cortical surface representations. Apparently, the central surface based GM representation successfully detected the simulated atrophy, but the inner and outer cortical surfaces can not. This result demonstrates that the central cortical surface representation of GM has superiority over the inner and outer cortical surfaces in detecting brain atrophy. 
CONCLUSION
In this paper, we presented a novel central cortical surface reconstruction algorithm. Our experiment results show that the central cortical surface has much better sensitivity in detecting simulated atrophy than the inner and outer cortical surfaces used in conventional methods.
